The aim of this study was to evaluate the effect of nordihydroguaiaretic acid (NDGA) on tumor bladder T24 cells. Bladder cancer T24 cells were cultured on Dulbecco's Modified Eagle Medium in presence of NDGA. Cell viability and apoptosis were evaluated after 24, 48 and 72 h by using fluorescein diacetate (FDA) and Alexa fluor 488 annexin-V/propidium iodide solution, respectively. To determine the mitochondrial effects of NDGA (0-24 h), reactive oxygen species (ROS) levels by dihydroethidium fluorescence, mitochondrial membrane potential (m) by 5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylimidacarbocyanine iodide (JC-1) dual fluorescence and cellular respiration states by high resolution respirometry were evaluated. It was found that NDGA reduced T24 cell viability after 72 h of incubation in a concentration-dependent manner and apoptosis increased at 48 h. Furthermore, 20 µM NDGA increased ROS levels, decreased m and promoted leak of respiration from mitochondrial respiratory chain in T24 cells which was associated to the death of tumor cells. Taken together these results suggested that antitumor effects of NDGA in T24 cells are related to its ability to induce mitochondrial alteration.
Nordihydroguaiaretic acid (NDGA) is a lignan mainly produced by Larrea tridentata (DC.) Coville that is naturally distributed along the North of Mexico and South of the United States of America [1] . NDGA exerts antioxidant and protective roles against a wide variety of stresses in normal cells [2] [3] [4] [5] [6] . In contrast, it acts as an oxidant agent and induces apoptosis, in cancer cells [7] . Reactive oxygen species (ROS) are pivotal in tumorigenesis [8] and, therefore, in contrast with normal cells, cancer ones have high inherent ROS levels. Therefore, a known cancer therapeutic strategy is to increase ROS levels, in order to reach death threshold in cancer cells, without affecting normal cells, which results in reduced collateral effects [9] .
Mitochondrial homeostasis is important for the maintenance of cellular homeostasis and it is dysregulated during cancer development [10, 11] . Hence, the modification of mitochondrial homeostasis, as is ROS production in order to affect cancer growth cells is a potential field for the development of new therapeutic strategies for cancer elimination [11] . Therefore, the aim of this work was to study the effect of NDGA as an antitumor molecule in T24 cancer cells by elucidating its role on ROS levels production and in mitochondrial function.
T24 cells were cultured in presence of different concentrations of NDGA (0-150 µM) for 72 h and cell viability was evaluated by fluorescein diacetate (FDA) method ( Figure 1A) . NDGA significantly reduced cell viability after 72 h of treatment, in a concentration-dependent manner ( Figure 1A ). After these trials, 20 µM NDGA was chosen for the next experiments. To ensure that NDGA exerts a dual effect, being toxic for cancer cells and nontoxic for normal cells, human lung fibroblasts (CCD-25Lu) were incubated with 10 µM and 20 µM NDGA for 24, 48 and 72 h. Notably, at these concentrations NDGA did not decrease cell viability in normal cells ( Figure 1B ).
Next, we explored the way by which NDGA decreased cell viability by analyzing apoptosis induction. T24 cells were cultured with 20 µM NDGA for 24, 48 and 72 h, then apoptosis was measured by incubating cells with annexin-V and propidium iodide and counting cell fluorescence by flow cytometry. It was found that 20 µM NDGA induced apoptosis after 48 h ( Table 1) .
ROS production increase and mitochondrial membrane potential (m) disruption induced by several natural compounds have been associated to the growth inhibition of different cancer models [12] [13] [14] . Then, T24 cells were treated with 20 µM NDGA for 2 to 72 h and m ( Figure 2A ) and ROS production ( Figure 2B ) were evaluated. It was found that 20 µM NDGA increased ROS production since 4 h treatment and high ROS levels were maintained until 72 h ( Figure 2B ). Meanwhile 20 µM NDGA also decreased m since 2 h (Figure 2A ), suggesting that NDGA could affect mitochondrial function.
It has been widely documented that the increase in ROS may directly affect oxidative phosphorylation (OXPHOS) and therefore the respiratory parameters as well as the m values, in both isolated mitochondria and whole cells [15, 16] . Actually, high levels of ROS reduce the activity of the electron transport system, decreasing m and therefore induced a mitochondrial uncoupled by an increase in leak of respiration (not OXPHOS conditions) or by a reduction in basal respiration (OXPHOS condition) [16] . To determine if the increase observed in ROS production induced by NDGA affected the mitochondrial bioenergetics, the respiratory state was evaluated in whole cells. T24 cells were incubated with 20 µM NDGA for 8 h. High resolution respirometry in intact T24 cells showed that NDGA treatment induced a significant increase in basal and leak respiration and a decrease in uncoupled respiration with respect to control cells (Figure 3) , as well as a nonsignificative reduction in the respiratory control index (RC). These results suggested that NDGA induces m loss, that can be partially attributable to the increase in the respiration leak, which triggers the observed mitochondrial coupling affecting the OXPHOS capacity in these cells. In fact, it is well known that mitochondrial ROS production is higher in state 4 with respect to state 3 [15] , so in analogy the increments in the leak of the respiration in cells have been related to the increase in the mitochondrial ROS production by a decrease in the activity of electron transport system.
So, in this work we firstly described the antitumoral effect of NDGA in a bladder cancer model. It was shown that NDGA reduced cell viability of T24 cell line after 72 h of incubation. In contrast, NDGA exerts a cytoprotective effect on non-tumoral cells [4] [5] [6] . NDGA is able to induce the cytoprotective pathway NF-E2-related factor-2 (Nrf2)/heme oxygenase (HO)-1 and protect cerebral granule cells [4] and LLC-PK1 cells [5] against the cell death induced by hydrogen peroxide. The cytotoxic effect of NDGA in this model has not been described but there are other reports showing cell viability reduction in many different types and models of cancer such as myeloma, as well as breast, pancreas, and prostate carcinoma cell lines [17] [18] [19] .
Additionally, NDGA promoted m loss from 2 to 6 h and after 48 h of incubation. This NDGA effect has also been reported in colorectal carcinoma cells, in which ΔΨm decrease is accompanied by the induction of intrinsic apoptotic pathway and the increase in ROS production [20] [21] [22] [23] . The effects of several antioxidants on mitochondrial respiration in different cancer models vary depending on the cell type [14, 20, 23] . Furthermore, an increase in ROS production has been reported in LNCaP cancer cells exposed to tetra-O-methyl NDGA [22] . In this study, we showed that NDGA also increases mitochondrial leak respiration, which promoted an increase in ROS production after 2 h of incubation, that was maintained until 72 h. Both processes, the m loss and ROS production increase, support the idea that NDGA promotes mitochondrial and cellular damage at short times and finally induces cancer cell death in T24 cells.
In conclusion, in T24 cancer cells, NDGA promoted mitochondrial stress by inducing oxygen consumption alterations. Mitochondrial damage is characterized by increased respiration leak and ROS production, as well as m loss. These alterations finally induced T24 cancer cell death. However, further studies are required to completely characterize the mitochondrial bioenergetics alterations induced by NDGA, as well as to determine if the NDGA alters other mitochondrial processes such as biogenesis and mitochondrial dynamics.
Antitumor effects of nordihydroguaiaretic acid
Natural Product Communications Vol. 13 (11) Cell culture: T24 cells were cultured in DMEM supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin and CCD-25Lu cells were cultured in RPMI 1640 supplemented with 10% FBS and 1% penicillin/streptomycin. Cells were maintained at 37°C in a humidified atmosphere of 95% air and 5% CO 2 . Cells were sub-cultured three times per week, incubated with TrypLE Express, washed and seeded in new plates with fresh growth medium.
Cell viability: Cells were treated with NDGA (0-150 µM) for 72 h; for maintaining nutrient availability, fasting medium (DMEM or RPMI 1640 with 1% FBS) and NDGA were changed every 24 h. Express. Cells were collected and fluorescence intensity was determined at 488/530 nm (monomer form; green fluorescence) and 488/590 nm (aggregate form; red fluorescence). m was determined by the red:green fluorescence ratio.
ROS production: Cells were treated with 20 µM NDGA from 2 to 72 h and 20 µM NAC was used as a control of ROS scavenger; fasting medium and NDGA solution were changed every 24 h. After treatment, cells were washed and incubated in fasting medium with 1 µl/ml of 5 mM DHE for 20 min, and then cells were washed and observed with a Nikon eclipse TS100 microscope. For each sample, images were obtained and analyzed with NIS Elements imaging software (Nikon Metrology, Inc., Brighton, MI, USA). Results were expressed as the DHE fluorescence intensity percentage compared to the control group.
Cell respirometry:
The oxygen consumption in intact cells was performed using a high resolution respirometry equipment O2k meter (Oroboros Instruments, Innsbruck, Austria). Cells were treated with 20 µM NDGA for 8 h. Then, cells were washed with PBS, harvested and quantified. Determinations were made using 2 ml of culture medium with 1% FBS at 37°C. 
